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The cognitive role of the cerebellum has recently gained much attention, and its 
pivotal role in Alzheimer’s disease (AD) has now been widely recognized. Diffusion 
Tensor Imaging (DTI) has been used to evaluate the disruption of the microstructural 
milieu in AD, and though several white matter (WM) tracts such as corpus callosum, 
inferior and superior longitudinal fasciculus, cingulum, fornix and uncinate fasciculus 
have been evaluated in AD, data on cerebellar WM tracts are currently lacking. 
We performed a tractography-based DTI reconstruction of the middle cerebellar 
peduncle (MCP), and the left and right superior cerebellar peduncles separately 
(SCPL and SCPR) and addressed the differences in fractional anisotropy (FA), axial 
diffusivity (Dax), radial diffusivity (RD) and mean diffusivity (MD) in the three tracts 
between 50 patients with AD and 25 healthy subjects (HS).  
We found that AD patients showed a lower FA and a higher RD compared to HS in 
MCP, SCPL and SCPR. Moreover, a higher MD was found in SCPR and SCPL and a 
higher Dax in SCPL. This result is important as it challenges the traditional view that 
WM bundles in the cerebellum are unaffected in AD and might identify new targets 
for therapeutic interventions.    
Keywords: AD, diffusion tensor imaging, white matter, probabilistic tractography, 
cerebellum.    
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Introduction 
Alzheimer's Disease (AD) has been classically regarded as a neurodegenerative 
disorder primarily affecting the grey matter (GM) [1]. Nevertheless, white matter (WM) 
alterations in AD have gained increasing attention in recent years, and Diffusion Tensor 
Imaging (DTI) has been widely used in clinical research settings for its ability to detect 
microstructural damage even at its earliest stages, when atrophy is still undetectable [1-
5]. Tightly packed axons and myelin sheaths in the brain restrict the free motion of 
water molecules, leading to anisotropic diffusion according to the orientation of axonal 
bundles. In AD this neat microstructural milieu is disrupted, leading to a loss of 
anisotropic diffusion due to small vessel alterations, demyelination of axonal structures, 
degradation of microtubules, loss of axonal structure and gliosis [6]. DTI is used to 
examine these microscopic alterations to quantify the breakdown of tissue’s fine-grain 
architecture. This implies the fitting of the diffusion-weighted signal to a simple tensor 
model, mathematically represented as an ellipsoid at the voxel level [7]. Diffusion along 
the major axis of the ellipsoid is termed axial diffusivity (Dax), whereas the average of 
the second and third minor axes is called radial diffusivity (RD) and reflects diffusivity 
perpendicular to the major axis of the tensor [8]. Moreover, mean diffusivity (MD) is 
calculated from the average of the three values, indicating the magnitude of overall 
water diffusion in each voxel, independently of the directionality [8]. In AD an increase 
in Dax, MD and RD have been widely reported [9,10], and each metric provides us 
with unique information as they might change in different directions along disease 
progression [11]. Increased Dax and MD are considered to be the first abnormalities to 
occur but they remain relatively static throughout the time course of the disease, and 
therefore could be used as ‘state-specific’ markers [11,12]. In contrast, RD becomes 
increasingly abnormal with disease progression, and has been regarded as ‘stage-
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specific’ marker [11]. Another important ‘stage-specific marker’ is fractional 
anisotropy (FA), which represents the fraction of the tensor that can be assigned to 
anisotropic diffusion, with values closer to zero reflecting more isotropic diffusion, and 
therefore typically higher microstructural damage [13]. Indeed, DTI is especially 
valuable to tackle AD in its earliest phase, and this technique has proven to be sensitive 
even in mild cognitive impairment (MCI) patients [6,14,15], and moreover, a valuable 
tool in predicting conversion from MCI to AD [6,16,17]. A lower FA has been 
previously reported in several WM bundles in the AD population [9,17-19], and 
correlates clinically with disease severity and neuropathologically with the presence of 
higher Braak neurofibrillary tangle (NFT) stage (Braak stages V-VI) in the ventral 
cingulum tract, entorhinal cortex, and white matter adjacent to the precuneus [19]. A 
reduction in FA and an increase of Dax, MD and RD in AD patients have been 
described in the corpus callosum, inferior and superior longitudinal fasciculus, 
cingulum, fornix and uncinate fasciculus [3, 8, 9, 11], but at the present time no studies 
specifically focused on cerebellar WM tracts are available.  
The cerebellum was regarded for decades as being purely involved in motor tasks 
control. Nevertheless, thanks to the ground-breaking work by Schmahmann and 
Sherman in 1998 [20] nowadays its role in cognitive and affective disorders is well 
established. The selective damage of the vermis and posterior lobe of the cerebellum 
has been related to the so called “cerebellar cognitive affective syndrome” (CCAS), 
namely a subset of symptoms including impairment of executive functions such as 
planning and set-shifting, verbal fluency, abstract reasoning, working memory, visual-
spatial organization and even personality change [20]. Moreover, deficits in executive 
function, attentional processes, working memory and divided attention have been 
described after microsurgical treatment of tumours or hematomas in the cerebellum 
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[21]. The posterior lobules of the cerebellum have been related to cognitive tasks such 
as verb generation, mental rotation, and working memory [22,23] through several fMRI 
studies and show highly specific functional connections to areas of the default mode 
network (DMN) such as posterior cingulate, the lateral temporal cortex, the inferior 
parietal lobule, and an extended region along medial prefrontal cortex [24], which are 
key regions for AD connectivity and structural changes [25,26]. Within the posterior 
lobes, Crus I has shown to be functionally correlated to the DMN [27], and show the 
highest degree of atrophy among cerebellar regions [27,28]. Nevertheless, data on 
cerebellar WM tract involvement in AD is currently unavailable. Given these recent 
findings related to the involvement of the cerebellum in AD, the aim of our work was 
to investigate the DTI microstructural fibre integrity of the cerebellar WM tracts in AD 
patients compared to healthy subjects (HS), and to establish the relationship between 
WM and GM damage. The middle (MCP) and superior cerebellar peduncles (SCP) are 
the main WM bundles connecting the cerebellum with the cerebrum, being respectively 
the main input and output connections to/from the cerebellum [29]. Here, we 
reconstructed the middle cerebellar peduncle (MCP), and the left and right superior 
cerebellar peduncles separately (SCPL and SCPR) [30] and addressed the differences 
in FA, Dax, RD and MD in the three tracts between AD patients and HS. 
 
Materials and methods  
Participants 
 
Seventy-five subjects were recruited from the Dementia unit of the Catholic University, 
Rome, Italy. Among the participants, 50 subjects had a diagnosis of AD according to 
the IWG-2 Criteria of 2014 [31], while 25 were age-matched healthy subjects who 
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served as controls. All patients had typical AD with an amnestic profile. None of the 
HS showed evidence of cognitive deficits on neuropsychological testing. All subjects 
underwent a complete clinical investigation, including medical history, neurological 
examination, a complete blood test screening (including routine exams, thyroid 
function tests, and levels of B12 and folate). Exclusion criteria for all subjects included 
contra-indication for magnetic resonance imaging (MRI), previous history of alcohol 
or substance abuse, focal brain lesions on brain imaging, significant neurological or 
psychiatric history and the presence of major systemic illness. 
Subjects were excluded if they had two or more hyperintense lesions > 10 mm, or more 
than eight hyperintense lesions between 5 and 9 mm to exclude prominent vascular 
damage. 
The study was approved by the Ethical Committee of Santa Lucia Foundation and 
written informed consent was obtained from all participants before study initiation. 
All procedures performed in this study were in accordance with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards. 
 
Neuropsychological assessment 
All patients underwent a complete Neuropsychological battery before MRI scanning. 
MMSE was performed for assessing general cognitive status [32], Rey 15-Words List 
Immediate recall (cut-off ≥ 28.5) and Delayed recall (cut-off ≥ 4.6) [33] for verbal 
episodic long-term memory, Copy of drawings (cut-off ≥ 7.1) [33] and Copy of 
drawings with landmarks (cut-off ≥ 61.8) [33] for praxis, Digit span forward (cut-off 
≥ 3.7) and backward [34] for verbal short term memory and Corsi blocking task 
forward (cut-off ≥ 3.5) and backward [34] for visuo-spatial short term memory, 
Phonological Word Fluency (cut-off ≥17.3) [33] for executive functions, Naming of 
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objects (cut-off ≥ 22) [35] for language skills. Each test was adjusted for gender, age 
and education for the neuropsychological statistical analyses. 
 
MRI data acquisition 
All imaging was obtained using a 3.0 T MR scanner (Siemens Allegra, Erlangen, 
Germany), equipped with a circularly polarized transmit-receive coil. The maximum 
gradient strength is 40 mT -1, with a maximum slew rate of 400 mT m-1, ms -1. The 
following scans were collected from each studied subject: dual echo turbo spin echo 
(TSE) (TR = 6190 ms, TE = 12/109 ms), fast fluid attenuated inversion recovery 
(FLAIR) (TR = 8170 ms, TE = 96 ms), 3D modified driven equilibrium Fourier 
transform (MDEFT) scan (TR = 1338 ms, TE = 2,4 ms, Matrix = 256 x 224 x 176, in-
plane FOV = 250 x 250 mm2, slice thickness 1 mm), diffusion weighted Spin-Echo 
Echo Planar Imaging (SE EPI) (TR = 7 s, TE = 85 ms, maximum b factor = 1000 s 
mm2, isotropic resolution = 2.3 mm3). This sequence collects seven images with no 
diffusion weighting (b0) and 61 images with diffusion gradients applied in 61 
noncollinear directions. According to the inclusion criteria, TSE and FLAIR scans 
were reviewed to assess the presence of remarkable macroscopic brain abnormalities. 
Images were processed to obtain measures of atrophy (GM and WM volumes) and 
microstructural damage (FA, MD, Dax, RD).  
 
White matter analysis 
The cerebellum was pre-processed individually in SPM-8 
(http://www.fil.ion.ucl.ac.uk/spm/), using “SUIT”, a dedicated toolbox that allows to 
extract and normalize the GM and WM from the cerebellum. SUIT is a toolbox 
designed to align the infratentorial anatomy of the brain to a dedicated spatially 
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unbiased template of the human cerebellum and brainstem. , Through automated 
nonlinear normalization methods, provides a more accurate intersubject-alignment than 
current whole-brain methods [36]. 
T1 weighted volumes were segmented fully into GM and WM, prior to normalisation 
to a cerebellar focused SUIT template. This procedure allows more accurate co-
registration, and hence may allow a better WM specific analysis of volume loss. Images 
were smoothed using a 8-mm FWHM Gaussian kernel according to Dayan et al [30]. 
 
Tractography 
The MCP and SCP were reconstructed following the methods described by Dayan et 
al [30]. The main orientation in every voxel was determined according to the multi-
fiber directions estimated in each voxel from the fiber orientation distribution 
functions (fODFs) calculated with either Q-ball imaging [37] or persistent angular 
structure (PAS) MRI [30,38]. The fODF calculation method chosen depended on the 
curvature and amount of crossing of each WM tract. Since Q-ball, compared with 
PAS, tends to provide fewer false-positive fiber components while dealing less 
effectively with fiber crossing, it was used for the MCP reconstruction. Conversely, 
since the SCP is particularly difficult to reconstruct in the brain stem where it 
decussates, the PAS method was chosen for this tract. Once the multi-fiber directions 
had been estimated, probabilistic tractography was carried out based on these data 
using the probabilistic index of connectivity (PICo) algorithm. The PICo algorithm 
[39], implemented in CAMINO (www.camino.org.uk), assigns to every voxel in the 
brain a probability of being connected to the seed point by considering multiple 
pathways emanating from the seed-point region and from each point along the 
reconstructed pathways. The probability is estimated by streamline-based tracking 
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iterations repeated in a Monte Carlo fashion, and the effect of noise is estimated 
through a calibration step. Streamlines that do not reach the way-point regions are 
discarded. N = 10000 tracking iterations were performed from each voxel of the seed 
region of interest (ROI) applying a stopping threshold of FA ≤ 0.1 and an angle 
threshold of 80°. The fiber directions in every voxel were changed for each iteration 
according to the uncertainty associated with their estimation. Among these iterations, 
only tracts going through “waypoint” ROIs were selected. An “end-point” ROI pair 
was used, so as to retain only tracts where each extremity reached one of the two 
different end-point ROIs. Finally, tracts intersecting “exclusion” ROIs were removed 
and a probability map was calculated so that the PICo value of each voxel was equal 
to the number of remaining tracts intersecting that voxel, divided by the total number 
of iterations.  
Middle cerebellar peduncle analysis 
For the MCP, the seed was placed bilaterally in a single coronal plane, just anterior to 
the dentate nucleus of each cerebellar hemisphere, in regions with fibers with 
anterior-posterior orientation (green in color-coded FA maps). Generated tracts were 
made to pass through two coronal waypoint ROIs placed bilaterally, and anteriorly, to 
each seed ROI. Finally, an exclusion ROI was placed in an axial plane above the pons 
to prevent the tracts from ascending superiorly to that level. 
 
Superior cerebellar peduncle analysis 
The SCP was segmented separately for each cerebellar hemisphere. For the left SCP 
(L-SCP), defined as originating from the left cerebellar hemisphere, the seed was 
placed on a single coronal slice in the dentate nucleus. We chose seed voxels whose 
principal direction of diffusion was not towards neighboring voxels belonging to the 
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MCP. A pair of endpoint ROIs was drawn so that the first ROI was just posterior to 
the seed ROI (so as to select all the fibers that continue posteriorly), and the second 
ROI was placed contralaterally to include both the red nucleus and its medial area, 
which the SCP is known to pass through.  
Two exclusion ROIs were further delineated: one in the whole coronal slice 
immediately superior to the second end-point ROI and another in a sagittal plane so as 
to extend superiorly up to a few voxels below the known SCP decussation. ROIs 
sagittally symmetrical to the ones just described were used for the right SCP (R-SCP). 
 
The group-average MCP, L-SCP and R-SCP maps were calculated independently 
using the following procedure: first, the individual tract PICo maps were thresholded 
at a value chosen to minimize the amount of volume variation depending on the PICo 
threshold. The curve representing the volume as a function of the PICo threshold 
varied; the curve vertex was estimated for each subject by estimating the smallest 
radius of curvature, after which the median among all subjects was selected as the 
common threshold to be applied to all PICo maps. Second, once the binarized 
individual maps had been obtained, the FA to MNI transformation was applied to 
these maps to provide a group-average map in MNI space. Finally, the subject-count 
threshold chosen to obtain a binary map of the “average tract” was set visually as the 
maximum, which provided a reconstruction matching known neuroanatomy. This 




VBM  and DTI analysis  
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A between-group voxel-wise comparison of the WM volume was performed within 
the framework of Voxel-Based-Morphometry (VBM). A mask of every tract of 
interest was created from the results of tractography averaged across the whole 
population. The VBM analysis was then restricted to this region of interests using 
SPM and a one way ANOVA model. Regional differences and correlations were 
considered significant only if they survived after correction for multiple comparisons 
(Family wise error, FWE correction at cluster-level, p< 0.05). Age, gender and 
education were included as covariates of no interest in the analysis. The same 
statistical analysis was performed on DTI metrics, with the exception of additionally 
adding also tract volumes as covariates of no interest. This allows an unbiased 
assessment of measures of microscopic tissue integrity. 
We performed a partial correlation statistical analysis between neuropsychological 
parameters and DTI metrics using raw scores and DTI values as variables, and age, 
gender, education, and tract volumes as covariates. 
 
Results 
AD patients and HS were not statistically different in terms of age but different in terms 
of education (p = 0.0005) and gender distribution (p = 0.02), so we included the latter 
variables as covariates of no interest in the voxel-wise analysis.  
Neuropsychological testing 
As expected, AD patients showed a statistically lower MMSE score compared to HS, 
as well as lower scores in all other neuropsychological tests (Table 1), placing them as 
a group at a moderate stage of severity. As shown by the results of 
neuropsychological testing (Table 1), they had significant memory impairment (e.g. 
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very low delayed recall at Rey 15 words), with a relative relative sparing of verbal 
fluency. 
White matter VBM analysis and DTI-based Tractography  
We found no significant differences between AD and HS in terms of WM volumes in 
the cerebellar VBM analysis. MCP and SCPL were successfully reconstructed in 75 
participants, while SCPR were artifact-free only for 72 participants.  Overview of the 
three reconstructed tracts is shown in Figure 1A. The MCP included the transverse 
pontine fibers posterior and anterior to the corticospinal tracts (Figure 1B, red 
overlay), while the SCP featured a visible decussation at the level of the midbrain: 
SCPL (Figure 1B, yellow overlay), SCPR (Figure 1B, light blue overlay). 
 
Voxel-wise analysis of cerebellar WM microstructural parameters 
AD patients showed lower FA and higher RD values compared to HS in MCP, SCPL 
and SCPR. Moreover, a higher MD was found in SCPR and SCPL and a higher Dax 
in SCPL (Table 2). We found no correlation between Neuropsychological tests and 
FA, MD, Dax or RD values. 
 
Post-hoc correlations between DTI values and GM atrophy 
In order to establish any association between GM and WM degeneration in the 
cerebellum of people with AD, we performed a voxel-based analysis on the 
correlation between the DTI indices found to be abnormal in the main analysis, and 
and grey matter volumes of the cerebellum. This analysis was performed in 
Alzheimer’s disease patients only.  We found that the reduction in FA of the MCP 
seen in AD is correlated to GM atrophy in Lobule IX (p = 0.023) (Figure 2). No other 
13  
significant associations where found in the other diffusivity metrics in MCP and in 
SCPR and SCPL.  
 
Discussion  
An emerging body of literature targeting specifically the cerebellum with the newly 
developed SUIT atlas [36] has shown how GM loss involving predominantly Crus I is 
a rather specific finding in AD [27, 40], but data on selective WM loss are currently 
lacking. Using SUIT-VBM, sensitive to macroscopic tissue loss, we found no 
evidence of WM loss in MCP, SCPL and SCPR in AD patients compared to HS. By 
contrast, we found widespread microstructural changes, as measured by diffusion 
MRI indices. As often demonstrated, this result confirms that changes in 
microstructural diffusion metrics are independent from WM atrophy in AD brains 
[41]. Moreover, it supports the concept that microstructural alterations may be 
detected earlier than macroscopic WM volume loss in AD, and may be predictive of 
accumulation of atrophy along the disease progression [41-43].  
Admittedly, a previous study [44] has reported areas of WM loss in AD patients 
compared to HS. However, there are some methodological differences with our 
current study, including the absence of DTI tract reconstruction and cerebellar VBM 
parcellation (using the SUIT), and recruitment of patients at a more advanced disease 
stage. This might account for the detection of atrophy that we did not find in our 
current study.  
However,The meaning of changes in FA, MD, Dax and RD must be interpreted 
cautiously because diffusivity changes may be influenced by GM and WM atrophy 
[49]. For minimizing the effects of this potential bias we used tract volumes as a 
covariate in our analysis. In our study, FA and RD represent the more reliable metric 
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to assess WM cerebellar damage, which showed a significant alteration in all the three 
tracts examined. Lower FA in middle cerebellar peduncle in AD is in line with 
previous findings [43], though an increased RD (typically associated with 
demyelination) has not been yet specifically reported.  
A higher MD was found in SCPR and SCPL, although in our sample we were not able 
to detect it in MCP, and this might require further investigations.  
Dax was found significantly higher in SCPL but not in SCPR, where it showed a p-
value just above the significance threshold (p = 0.07). This might be partially due to a 
less efficient reconstruction of SCPR (accounting for 72 over 75 patients).  
The relative poorer performance of Dax compared to FA could be explained by the 
fact that cerebellar WM bundles are characterized by a higher proportion of crossing 
fibers with respect to the cerebrum, and DTI metrics are highly affected by vectors 
modifications in areas of kissing, fanning and crossing fibers [50] such as SCPL and 
SCPR decussations or MCP median crossing bundles. Dax is especially unreliable 
because the single cylindrical model of white matter fibers is violated [50-51]. We 
tried to compensate this methodological constraint by using two different estimation 
procedures for MCP and SCP, using PAS in the SCP because it allows a better 
reconstruction in areas of fiber crossing such as the brainstem where SCPL and SCPR 
decussate. A clearer interpretation of our findings in terms of AD pathology could be 
given by comparing the changes in DTI indices with markers of amyloid deposition, 
as suggested by previous literature [52]. Unfortunately, this was not possible in the 
present study, since CSF analysis or Amyloid PET was not performed, thus 
preventing a more in-depth understanding of the relationship between the progression 
of WM cerebellar change and the underlying amyloid pathology. This is especially 
important with respect to aging population. In healthy aging, regions which show a 
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reduction in FA in middle age largely overlap with regions that exhibit volume loss in 
older age suggesting that microstructural FA changes may precede and predict 
volume loss [42]. We did, however, examine the relationship between WM 
microstructural damage and cerebellar GM atrophy. In our study, the reduction in FA 
of the MCP seen in AD correlated with GM atrophy in Lobule IX, which is a 
cerebellar region associated within the Default Mode Network according to Buckner 
et al [24].  This network is selectively impaired in AD patients [24]. The presence of a 
significant correlation does not inform us about the causality of these processes, but 
indicates that damage in the 2 tissues might accumulate at a similar pace.  The lack of 
significant results with SCPL and SCPR should be interpreted with caution, due to the 
small size of these tracts.  
 
We failed to identify any association between standard neuropsychological tests and 
DTI metrics. One possible explanation relies on the specificity of the 
neuropsychological evaluations used in this study. Distinct WM bundles of the brain 
are related to different cognitive functions. Damage of fornix, cingulum, genu and 
splenium of the corpus callosum have been related to global cognitive decline [53]. 
Temporal lobe and posterior cingulate WM damage have been linked to poor delayed 
recall performance [54], and similar correlations were found between the frontal WM 
and executive function [55] and the posterior part of the corpus callosum and verbal 
fluency [56]. None of the neuropsychological tests in our studies are specifically 
targeted to cerebellar cognitive functions, so further assessments will be required to 
draw a linear correlation between DTI metrics in the cerebellum and cognitive 
performances on neuropsychological testing.  
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Moreover, the majority of GM studies involving the cerebellum failed in identifying 
associations between areas of GM loss and scores at neuropsychological standard 
tests [40]. A newly developed scale for cerebellar cognitive functions has been 
recently introduced [57], though it has no Italian validation yet, and future study will 
determine its usefulness in clinical and research practice. 
A secondary aim of our study was to see whether the cerebellar WM would be 
selectively affected in AD. MCP and SCP diameters have recently been included in 
the EFNS/MDS-ES guidelines in the differential diagnosis among different movement 
disorders’ syndromes such as Progressive Supranuclear Palsy (PSP), Multiple system 
atrophy (MSA), Parkinson’s Diseade (PD) and Cortico Basal Degeneration (CBD) 
[58], with a reduced MCP diameter <8.0 mm being rather specific for MSA [59]. 
Stating that AD patients do not show WM atrophy compared to healthy controls 
might be of relevance in this context, though a direct comparison between MSA and 
AD patients would be advisable.  A reduced FA in MCP is another common finding 
in MSA. This has been previously observed not only in MSA-C but also in MSA-P 
[60], and has also been used to differentiate between MSA-C and cerebellar 
degenerative ataxias [47]. 
Moreover, diffusivity changes in SCP have been regarded as a marker that can point 
the diagnosis towards PSP instead of PD (Level B recommendation of the 
EFNS/MDS-ES guidelines) [58]. 
We therefore proved that even in AD, DTI metrics in the cerebellum are altered, 
challenging the traditional assumptions that these tracts are preserved in AD.  
Interestingly, these results could offer new potential therapeutic strategies, since the 
cerebellum is a brain structure easily reachable with non-invasive brain stimulation 
tools, which have already proven to have clinical efficacy in other neurodegenerative 
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disorders [61-62]. Moreover, another study showed that stimulation of the cerebellum 
can have beneficial effects in restoring altered intracortical circuitry in AD patients 
[63].  
In conclusion, this study confirms the importance of DTI in assessing AD patients 
because even when macrostructural alterations such as VBM-detectable atrophy 
cannot not be traced, diffusion based alterations are already present. Stating the 
breakdown of both input and output connections between the cerebellum and the 
cerebrum is important in the view of the role of the cerebellum in both feedback and 
feedforward cognitive processing [64]. 
Moreover, our results highlight the involvement of WM tracts in AD patients, which 
could be traced not only in brain regions that are traditionally regarded as highly 
affected in AD patients, but also in the cerebellum, a yet underestimated cognitively 
relevant brain region. The importance of the cerebellar involvement in AD patients is 
in line with a large body of literature [65] and should be taken into account when 
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Table 1. Principal demographic and neuropsychological features of participants. 
 
Demographics 








      
70.5 (4.5)  
 
67.2 (6.7) 
Gender distribution (M/F)      16/34 * 15/10 






Global cognition MMSE  19.4 (4.2) * 28.7 (4.5) 
Verbal episodic memory Rey’s 15 words list (immediate recall) 21.0 (9.6) * 43.7 (13.5) 
 Rey’s 15 words list (delayed recall) 1.3 (1.9) * 9.2 (3.5) 
Executive functions Phonological verbal fluency  18.4 (11.1) * 36.8 (11.7) 
Short term memory Digit span forward 4.7 (1.20) * 5.8 (1.2) 
    
 Digit span backward 2.7 (2.0) * 4.3 (1.8) 
 Corsi’s blocking task forward 3.4 (1.4) * 5.0 (1.4) 
 Corsi’s blocking task backward 2.0 (1.7) * 4.4 (1.7) 
Praxis Drawing copy test 4.7 (3.8) * 10.7(4.1) 
 Landmark drawing copy test 54.5 (16.5) * 69.4 (17.4) 
Language Naming test 19.2 (11.8) * 29.1 (12.2) 
*AD versus HS, p-value<0.01.  
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Abbreviations: AD = Alzheimer’s disease; HS = healthy subjects; MMSE = Mini-Mental State 
Examination. All the values are presented as follows: Mean values (SD). SD = Standard 
Deviation. 
Table 2. Areas of microscopic white matter abnormality in AD patients compared to 
controls. 





















  30  -18 -36 -40 4.55 0.000 
  29  28 -54 -36 4.43 0.000 
  29  28 -42 -42 4.41 0.000 
  37  20 -44 -34 4.27 0.000 
  24  22 -46 -32 4.06 0.000 













































  12  -14 -48 -32 4.48 0.002 
















































Abbreviations: AD = Alzheimer’s disease; HS = healthy subjects; MCP= Medial Cerebellar 
Peduncle; SCP= Superior Cerebellar Peduncle; R=Right; L=Left. 
Cluster size is displayed as number of voxels. Coordinates refer to the MNI coordinates.  
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Figure 1. Overview of the reconstructed white matter tracts.  
  
Panel A. Medial Cerebellar Peduncle (MCP) (red); Left Superior Cerebellar Peduncle 
(LSCP) (yellow); Right Superior Cerebellar Peduncle (RSCP) (light blue).  
Panel B. MCP included the transverse pontine fibers posterior and anterior to the 
corticospinal tracts (red overlay), while the SCP featured a visible decussation at the 





Figure 2. Voxel-wise correlation between reduced fractional anisotropy in the 
middle cerebellar peduncle and grey matter atrophy in Lobule IX in AD. 
 
